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abstract: A major question in ecology is how age-specific variation in demographic parameters influences population dynamics. Based on long-term studies of growing populations of birds and mammals, we analyze population dynamics by using fluctuations in the total reproductive value of the population. This enables us to account for random fluctuations in age distribution. The influence of demographic and environmental stochasticity on the population dynamics of a species decreased with generation time. Variation in age-specific contributions to total reproductive value and to stochastic components of population dynamics was correlated with the position of the species along the slow-fast continuum of life-history variation. Younger age classes relative to the generation time accounted for larger contributions to the total reproductive value and to demographic stochasticity in "slow" than in "fast" species, in which many age classes contributed more equally. In contrast, fluctuations in population growth rate attributable to stochastic environmental variation involved a larger proportion of all age classes independent of Introduction Species display a wide array of life histories (Stearns 1992; Roff 2002 ) with a pattern of covariation among traits that positions the species along a slow-fast continuum of lifehistory variation (Stearns 1983; Gaillard et al. 1989; Promislow and Harvey 1990; Saether and Bakke 2000) . Species at the fast end of this continuum mature early in life, produce many offspring at each reproductive event, but have short life expectancy. The slow end includes longlived species with delayed maturity and small litter or brood sizes that are often restricted to a single offspring. The position of the species along this continuum is closely correlated to its generation time (Gaillard et al. 2005) . In some taxa, such as mammals, it is also linked to variation in body mass and development time (Millar and Zammuto 1983; Dobson and Oli 2007) .
Patterns of life-history covariation are also associated with differences in age-specific vital rates. For instance, early comparative analyses suggested that interspecific differences in age-specific survival could be classified into some distinct types (Pearl and Miner 1935) , constraining the structure of life tables (Deevey 1947) . These early advances led to a new research field in evolutionary ecology that focuses on how age-specific variation in vital rates affects evolution of life history (see reviews in Charlesworth 1994 , Caswell 2001 , and Rauser et al. 2009 ). However, the implications of life history for population dynamics are much less well understood.
Patterns of age-specific variation in vital rates affect population dynamics. Comparative studies have revealed large interspecific differences in both the magnitude of variability and patterns of population fluctuations (Pimm and Redfearn 1988; Ariño and Pimm 1995; Lande et al. 2003) . However, our understanding of how basic species-specific life-history characteristics affect this variation is limited, because it requires models that include both deterministic changes over long periods and stochastic influences on fluctuations in population size. An important advance in modeling agestructured populations was provided by Leslie's (1945 Leslie's ( , 1948 introduction of matrix models. Temporal variation in expected values of population size and age distribution in subsequent generations can be calculated from a projection matrix whose elements are age-specific values of reproduction and survival. The original formulation of the Leslie model did not include stochasticity. Later, Pollard (1966) and Goodman (1967) introduced demographic stochasticity in age-structured models, in which each individual's contribution to future generations is a random independent variable with an identical distribution for each year and every age class. Lewontin and Cohen (1969) and Cohen (1977 Cohen ( , 1979 developed another class of stochastic age-structured models that included environmental stochasticity (temporal variation in the environment affecting the whole or parts of the population in a similar way) based on the theory of stochastic matrices, in which the projection matrices are some temporal sequence of random matrices with distributions independent of the population vector. This approach was further extended by Tuljapurkar (1982b Tuljapurkar ( , 1990 , who derived an important firstorder approximation for how environmental stochasticity reduces the long-term growth rate of the population. The influences of both demographic and environmental stochasticity were included in models by Engen et al. (2005) of the dynamics of age-structured populations using a diffusion approximation that generalized the previous approach of Lande and Orzack (1988) . Unfortunately, all of these models require estimates of a large number of parameters, seriously restricting their practical applicability.
In addition to model complexity, the relationship between life history and fluctuations in population size is complicated by age dependence in life histories, leading to multiple time delays in the population dynamics and transient fluctuations in age structure even with a constant environment (Haridas and Tuljapurkar 2007) . Furthermore, demographic and environmental stochasticity will also cause random variation in age distribution (Caswell 2001; Lande et al. 2003) . In populations in which survival and fertility rates vary with age, these two types of stochasticity generate a correlation between population growth at time and t, because the number of indit ϩ 1 viduals of age at time is dependent upon the a ϩ 1 t ϩ 1 number of individuals of age a at time t (Coulson et al. 2001) . The strength of this temporal autocorrelation varies across species to an unknown extent (Caswell 2001) , which complicates cross-species comparative analyses of the role of environmental and demographic stochasticity on population dynamics.
Here, we aim to identify general patterns that link lifehistory variation and population dynamics in fluctuating environments by removing temporal autocorrelations in population fluctuations using parameters that can be estimated from individual-based demographic data. Recent theoretical advances have shown how this can be achieved by calculating the long-run stochastic growth rate using the total reproductive value of the population, V, rather than time series of population size, N (Engen et al. , 2009b . The reproductive value of an age class a is the contribution of individuals aged a to future population sizes, relative to the contributions from individuals in the other age classes (Roughgarden 1979) . The total reproductive value of the population is the sum of reproductive values of all individuals within the population (Engen et al. 2009b ) and consequently depends on the age structure. Fisher (1930) showed that V grows exactly exponentially in deterministic density-independent models of population growth, which is the case for N only when the population is at the stable age distribution (e.g., fig. 3 .1 in Lande et al. 2003) . Engen et al. (2007 Engen et al. ( , 2009b extended this approach to stochastic models, defining individual reproductive value as the stochastic contribution of an individual to the total reproductive value of the population at the next time step. Although fluctuations in age structure can generate temporal autocorrelations in annual changes in population size, the total reproductive value exhibits little or no autocorrelation (Engen et al. , 2009b .
Here, we use long-term individual-based studies to investigate how age-specific variation in demographic char-acteristics contributes to growth of populations of birds and mammals with different life histories after accounting for generation time. We then examine whether these patterns are correlated with the position of the species along the slow-fast continuum of life-history variation (Stearns 1983; Gaillard et al. 1989; Promislow and Harvey 1990; Saether and Bakke 2000; Dobson and Oli 2007) . Our aim is to identify critical stages of the life history (Charlesworth 1972 ) most strongly influencing stochastic variation in population growth rates and examine whether these are different from those affecting the long-term changes in mean population size.
The Model
The long-run population growth rate from time step 1 to T (Tuljapurkar and Orzack 1980; Tuljapurkar et al. 2003) can, according to Saether et al. (2007) , be written as
where r is the mean population growth rate on the logarithmic scale, N(t) is the population size in year t, 2 j /2 e describes how environmental stochasticity contributes to the long-run stochastic growth rate, and quan-
tifies how the influence of demographic stochasticity decreases with increasing population size. This ignores any effect of density dependence. Much as the total reproductive value, V, is dependent on age-specific patterns of survival and fertility, so too are the demographic and environmental variances, and (Engen et al. 2009b ). Both these variance components and the total reproductive value can be partitioned further, assuming no density dependence, into age class-specific survival and fertility contributions and a covariance between them (Tuljapurkar 1990; Benton et al. 1995; Caswell 2001; Gaillard and Yoccoz 2003; Engen et al. 2005; Morris et al. 2006) . Let be a column vector of the num-
ber of individuals in the different age classes, where T denotes the transpose of a vector, and let the population vector the next year be , where L is a ston ϩ Dn p Ln chastic projection matrix (Caswell 2001) . We consider only the female segment of the population and assume prebreeding census so that the subdiagonal defines the survivals of age classes 1 to , and the first row of L k Ϫ 1 defines their age-specific fecundity (i.e., the number of offspring recruited by females of different age classes into the population). The last age class k may be a terminal class so that individuals in this class survive with proba- For a finite population, the first row of the projection matrix is the mean number of female offspring recruited into the breeding population by females in different age classes, whereas the lower subdiagonal elements are the fraction of surviving individuals. Writing for the number B i of female offspring recruited into the breeding population (i.e., recorded in the population at the age at maturity or later) by an individual in age class i and for its survival, J i defined as 1 if it survives and otherwise 0, the individual reproductive value for a given female is defined (Engen et al. 2009b) as
where by definition equals . This is the contribution v v iϩ1 i from a single female to the total reproductive value the next year. The values are random variables, and their W i distribution within and among years defines the demographic and environmental variance required to describe the dynamics of the population (Engen et al. 2009b ). Writing Z for the environment in a given year, possibly a large vector, we define the demographic variance components , , and
, where the expectations are temporal E Cov (B , JFZ) i i means, and the variances and the covariance refer to the distribution within a year. The demographic variance is then given (Engen et al. 2009b 
where the age-specific demographic variance component is defined by the ith term of the sums. The three ad-
Thus, the components of the demographic variance due to fecundity and survival alone are and , respectively. Environmental stochasticity acts on all individuals of the population (Lewontin and Cohen 1969; May 1973; Cohen 1977; Turelli 1977 
. Using these definitions, the environ-
mental variance can be written as
where the age-specific component is defined by the ij t eij term of the equation. From this, we define the environmental component for a single age class as the sum over the covariances with all the age classes, that is, t p ei . Then, the total environmental variance takes the u t j eij same form as the total demographic variance,
e i ei i which can be partitioned (Engen et al. 2009b ) into additive components from fecundity and survival as well as 2 2 j j ef es the covariance between them.
Estimation Procedures
We employ the estimation procedure detailed by Engen et al. (2009b) . To estimate the variance components of stochasticity, we estimate the mean projection matrix l by estimating each element as the mean of all observed vital rates within and among years. vantage by our approach is that it requires only data of a sample of individuals from the population (Engen et al. 2009b) . We assume that individuals were present in all years between the first and last year but did not reproduce in the years not recorded in the population. However, our estimates of mortality still exclude some individuals that are alive but do not reproduce. We assume that those individuals have a negligible influence on the population dynamics because of high recapture rates of individuals in most of the studies included in our analyses (sometimes even close to 1; Barbraud et al. 1999; Catchpole et al. 2004) . Furthermore, the pattern of variation in the survival estimates included as elements in the projection matrix l was, in several of the populations, similar to the agedependent differences in survival rates revealed by capturerecapture analyses (e.g., Weimerskirch 1992; Catchpole et al. 2004; Gaillard et al. 2004; Pardo et al. 2013) . We then consider a given year t with environment Z and estimate the demographic variance component conditioned on Z, that is,
where . The estimate of is then
simply given by the weighted mean of the above estimates over years with at least two records from individuals in the actual age class with weights . Finally, the esn Ϫ 1 ti timate of the total demographic variance is 2 2ĵ Engen et al. (2009b) showed that each product of the type has expectation . Here,
m t i m t j q t j q t eij
and and may refer to any age classes. If , t ( t i j ip j we must require that and , whereas the q ( m q ( m last subscript otherwise may refer to any observed individual in the class. An efficient unbiased estimator for is obtained as the mean value of these products over t eij all possible combinations of and all combinations t ( t of the second subscript. Finally, the environmental variance is estimated using
e i j eij ij Generation time is defined as the mean age of mothers of newborn female offspring when the population is at the stable age distribution (Leslie 1966; Caswell 2001; Gaillard et al. 2005) . In this study, data on long-lived bird species do not include information about survival prior to onset of reproduction. Hence, we estimate generation time as Lande et al. 2003) , where is the modal age at first a reproduction and p is the mean adult survival rate, weighted by the stable age distribution and assuming a constant population size.
Data
To parameterize the model described above, we needed individual-based age-specific survival and fecundity records across multiple years as well as time series of population size for natural populations thought to be well below carrying capacity. We sourced suitable demographic data from 12 studies (table 1) during periods with no detectable density dependence in the population dynamics, as revealed by simply regressing change in population size on N (Royama 1992 ).
DN
The bighorn sheep (Ovis canadensis) population was located at Ram Mountain (52ЊN, 115ЊW), Alberta, Canada. We included only data from a period of exponential growth after removal of individuals for translocation to other areas was stopped, and total population size increased from 116 to 244 (Festa-Bianchet et al. 1998; Engen et al. 2007 ). Later, the population stabilized, then declined, partly because of intense cougar (Puma concolor) predation (Festa-Bianchet et al. 2006) .
Black-browed albatross (Thalassarche melanophrys) is a large (3-4-kg) Procellariiforme, which was studied in the southern colony of Cañon des Sourcils Noirs (49Њ41 S, 70Њ14 E) at Kerguelen Island in the Southern Ocean, where it has been intensively monitored by capture-recapture techniques since 1980 (Rolland et al. 2009 ). During the study period, the estimated breeding population size fluctuated around 1,100 breeding pairs (see fig. 2 in Rolland et al. 2009 ). It starts to breed at 5-14 years of age, although no bird in the current data set bred before the age of 8 years. Pairs breed every year, laying a single egg in late October (Weimerskirch and Jouventin 1998) . For a complete life cycle graph, see Rolland et al. (2009) .
Demographic data on Columbian ground squirrel (Spermophilus columbianus) were obtained at 1,500 m elevation at the Sheep River Wildlife Sanctuary in the Rocky Mountains of southwestern Alberta, Canada (50ЊN, 110ЊW). All adults older than 1 year were removed in 1990, ensuring that, when the study started in 1992, the population was likely far below carrying capacity, with only 4 individuals present; the population reached 57 individuals in 2001 (Engen et al. 2009b) . The active season is short, because families start to prepare for the 8-9-month period of hibernation soon after young are weaned in early summer (Dobson et al. 1999) . Mean litter size increases from 2.6 offspring among primiparous yearlings to 3.0 offspring among experienced females (Broussard et al. 2008 ). Columbian ground squirrels are quite long lived for such a small mammal (Dobson and Oli 2001) .
Data on the common tern (Sterna hirundo) were collected in a colony on six artificial islands in the Banter See in Wilhelmshaven (58Њ27 N, 08Њ07 E) on the German North Sea coast during a period of steady increase in population size (see fig. 1 in Szostek and Becker 2012) . All fledged chicks were marked with subcutaneously im-planted transponders . The probability of resighting of breeders and nonbreeders is close to 1 (Szostek and Becker 2012) . Breeding starts at the age of three years. Most females produce only one clutch per breeding season, with a maximum of three eggs (Becker et al. 2001) . For a description of the life cycle, see Szostek and Becker (2012) .
Mauritius kestrels (Falco punctatus) became extinct in the Bambous mountain range in eastern Mauritius, Indian Ocean, by the late 1950s. A successful reintroduction program that started at the end of the 1980s caused a rapid increase in population during the 1990s until an equilibrium population size was reached of approximately 40 breeding pairs (Sutherland and Norris 2002) . Since the onset of the introduction program, almost all individuals in the population have been color-ringed, enabling the collection of detailed individual-based demographic data (Nicoll et al. 2003 (Nicoll et al. , 2004 Burgess et al. 2008) . In our study, we used data from the period 1990-2001.
Peregrine falcons (Falco peregrinus) were studied in an area covering Cape Town, Table Mountain, and the Cape Peninsula (34Њ0 S, 18Њ25 E) between 1989 and 2008, during which period the number of breeding pairs increased from 16 to 78. The birds were ringed either as nestlings or after capture as newly established breeders and received a unique combination of color metal rings and a numbered South African Bird Ringing Unit (University of Cape Town) ring. Peregrines breed between September and December, and all known territories were visited at least once during this period to establish whether the resident breeding pair was still present or whether one of the old birds had been replaced by a new breeder. The resighting probability of breeding birds was close to 1.
Red deer (Cervus elaphus) have been studied at the Island of Rum, Scotland (57Њ01 N, 6Њ17 W) for several decades. We included data only from the period 1970-1982. During most of this period, the population was recovering from the cessation of harvesting in 1972 (see fig. 1 in Coulson et al. 2004 ). Red deer females on Rum give birth to a single calf from 3 years of age onward (Clutton-Brock et al. 1982) .
Roe deer (Capreolus capreolus) were studied in the forest of Trois-Fontaines in northeastern France (48Њ43 N, 2Њ61 W), where an enclosed population has been intensively monitored by capture-recapture techniques since 1976 (Gaillard et al. 1993 . Roe deer is a small cervide species with a litter size of up to 3 offspring. The population in Trois-Fontaines is productive, with all 2-year-old females breeding in most years and almost all females producing twins every year . During the study period, the population fluctuated between 154 and 433 individuals and was likely to be kept below the carrying capacity through harvesting (Gaillard et al. 1993) .
Southern fulmars (Fulmarus glaicialoides), a mediumsized (700-1,200-g) cliff-nesting fulmarine petrel, were studied using capture-recapture techniques on Ile des Pé-trels, Pointe Géologie Archipelago (66Њ40 S, 140Њ01 E), Terre Adélie, Antarctica, from 1963 onwards by means of individually ringed birds (Berman et al. 2009 ). Southern fulmars are highly philopatric, and if a bird was not observed between two breeding seasons, it was assumed that it did not reproduce. We included the period 1981-1997 in our analyses to ensure reasonable numbers of knownaged birds as well as to allow sufficient time for recruits to return. During that period, the population showed an increase but with relatively large annual fluctuations in the number of breeding pairs (see fig. 1a in Jenouvrier et al. 2003) .
Yellow-bellied marmots (Marmota flaviventris) are large diurnal burrow-dwelling rodents that live in mountain regions of western North America and hibernate from September or October to April or May. The critical factor determining winter survival and subsequent reproductive success is the amount of fat accumulated before hibernation (Melcher et al. 1989 ). Survival and reproduction are affected by the length of the active season, which shows substantial annual variation associated with changes in onset and termination of snow cover (Armitage and Downhower 1974; Schwartz et al. 1998; Ozgul et al. 2010 ). We included data collected during the period 1962-2007 from a population living in a subalpine habitat in the Upper East River Valley (38Њ57 N 106Њ59 W), Colorado (for time series of population fluctuations, see fig. 1c in Ozgul et al. 2010) .
Wandering albatrosses (Diomedea exulans) have been studied using capture-recapture techniques on Possession Island, Crozet Archipelago, (46ЊS, 52ЊE) in the southeastern part of the Indian Ocean since 1960. The wandering albatross is a large Procellariforme (9-12 kg), matures late (8-10 years of age), and produces a maximum of a single offspring per breeding attempt every 2 years (Weimerskirch et al. 1987 (Weimerskirch et al. , 1997 Jouventin and Dobson 2002; Lecomte et al. 2010) . In our analyses, we used data from 1981-1997 during a period with increasing population size (see fig. 5 in Engen et al. 2005 ) to ensure reasonable numbers of known-aged birds as well as allowing sufficient time for recruits to return.
White stork (Ciconia ciconia) is a large wading bird species that has been studied using capture-recapture techniques in Charente-Maritime in western France (45ЊN, 1ЊW). This population was reestablished in 1978 and subsequently showed a rapid increase in population size (Barbraud et al. 1999) , which was influenced by immigrants from surrounding areas. During winter, individuals from this population migrate to the western part of Sahel in Africa. The white stork builds large, perennial nests either in natural nest sites or at artificial platforms that are most commonly located close to human settlements and therefore are relatively easy to find and to observe during the breeding period. Most white stork start breeding when they are 3 or 4 years old (Nevoux et al. 2007 ) and produce, on average, 3.4 fledglings per nest (Barbraud et al. 1999 ). Adult survival is high (mean, 0.78). Temporal variation in survival is dependent on rainfall at the wintering grounds (Nevoux et al. 2008) , which may also influence annual variation in numbers of breeding pairs (Saether et al. 2006) .
Results
First, we examined how individuals of different ages contribute to the total reproductive value of the population. In all cases, the age-specific component of total reproductive value decreased with increasing age ( fig. 1 ). In contrast, there were large interspecific differences in how individual reproductive value decreased with age ( fig. 2) , with a significant curvilinear relationship in six species. Therefore, age classes consisting of individuals with large contributions to future generations were not necessarily those that contributed most to the total reproductive value, because the latter was more strongly dependent on the stable age distribution of the population.
The stochastic components of population dynamics were related to the position of the species along the slowfast life-history continuum. Both demographic ( fig. 3a) and environmental ( fig. 3b ) variance decreased with generation time, resulting in smaller total variance (eq. [1]) in population growth rates in long-lived species. The ratio of demographic to environmental variance at N p 1 ranged from 18.89 in white stork to 1,658.30 in common terns. Because the effect of demographic stochasticity is density dependent (eq. [1]), its contribution to the variance in population fluctuations decreases with increasing population size. However, the population size at which the contribution of demographic and environmental stochasticity to the variance in population growth rate was equal differed strongly among species, independent 2 2 j p j /N e d of the position along the slow-fast life-history continuum. In four bird species (common tern, Mauritius kestrel, southern fulmar, and wandering albatross) the major contribution to the population fluctuations was caused by demographic stochasticity even at population sizes greater than 250 individuals. Stochastic factors were then partitioned into contributions from different vital rates. In all but one species, the contribution from fecundity ( fig. 3d, 3g) to the stochastic components was larger than the contribution from survival ( fig. 3c, 3f ) ; the exceptions were the demographic variance of the common tern and the environmental variance of red deer. The stochastic variation in fecundity and survival as well as the covariation between them, caused either by demographic or environmental stochasticity, all decreased with generation time ( fig. 3c-3h) .
We then analyzed whether the pattern of age-specific variation in stochastic influences on population growth was related to life history. The influence of demographic stochasticity in age class i on the variance in population 2 j di growth (eq.
[7]) decreased with increasing age, although the rate of decrease differed substantially across species, being nonlinear in four cases (table 2) . Age-specific estimates of demographic variance, reflecting the betweenindividual variation in age-dependent fecundity and survival, decreased linearly with age in all species (statistically significant in 5 of 6 mammals, with the Colombian ground squirrel as an exception, and in 2 bird species [southern fulmar, ; wandering albatross, ]; the de-P p .02 P p .001 crease was close to statistical significance [ ] .05 ! P ! .06 in the black-browed albatross and white stork). In contrast, there was no consistent age-specific pattern in the contribution of environmental variance (eq.
[9]) to fluc-2 t ei tuations in population size (although there was a decrease in with age in 6 species; table 2), in the between-2 t ei individual variation in production of new recruits (P 1 ), or in survival ( ) caused by environmental .12 P 1 .12 stochasticity.
Age-specific variation in the contribution to population growth was affected by large differences among species in the pattern of age-dependent survival. To account for these differences, we scaled age classes relative to generation time G, following Hamilton (1966) . This facilitates a comparison of age-specific patterns between species with different life-history characteristics. There were large interspecific differences in the stage of the life cycle relative to generation time that had the strongest influence on population dynamics (fig. 4) . For the contribution to total reproductive value ( fig. 4a ) and to demographic variance ( fig. 4b) , the larger variation among species was found in the younger age classes (relative to generation time). In contrast, there were large interspecific differences in the contribution from the different stages of the life cycle to environmental stochasticity in population dynamics ( fig. 4c) .
Finally, we analyzed how the stage of the life cycle that most strongly affected variation in population growth depended on the position of the species along the slow-fast continuum of life-history variation, measured by generation time G. We calculated for each species the age relative to G at which 50% of the total reproductive value and of the two stochastic components of the variance in population growth rate were reached and related these quantities to generation time. If the slope of this regression line is less than 1, the relative contribution of younger age Figure 1: Interspecific differences in age-specific variation in the contribution to the total reproductive value of the population. The Fisherian age distribution refers to the reproductive value in age class i scaled so that and , where u is the stable age v
distribution for the deterministic model. This shows the relative contribution of the different age classes to the total reproductive value of the population. classes increases with generation time. In contrast, if the slope is larger than 1, the relative contribution of the younger age classes decreases toward the slow end of the lifehistory continuum. The slopes for the total reproductive value of the population ( fig. 5a ) and for the total demographic variance ( fig. 5b) were less than 1, revealing that the contribution of earlier stages within the life cycle to stochastic population growth rate was greater in longlived than in short-lived species. In contrast, the slope for the environmental variance ( fig. 5c ) did not differ from unity, indicating that environmental stochasticity at different life-history stages has similar effects on population fluctuations per generation.
Discussion
Our study has shown that, after accounting for fluctuations in the age distribution by analyzing fluctuations in the total reproductive value, the relative contributions to stochastic population growth of age-specific variation in recruitment and survival varied predictably with life history in birds and mammals (figs. 3, 5) . Stochastic influences on annual changes in population size decreased toward the slow end of the slow-fast life-history continuum ( fig.  3 ). Early age classes contributed relatively more to the total reproductive value and demographic variance in slow species than in fast species, whereas environmental stochasticity affected a larger proportion of the life stages in all species, independent of life history (figs. 4, 5) .
Reproductive value tended to increase with age to a peak before decreasing ( fig. 2) , similar to the pattern found in most birds and mammals (Caughley 1967; Newton and Rothery 1997; Haridas and Tuljapurkar 2007; Bouwhuis et al. 2011) , including man (Hamilton 1966; Keyfitz and Caswell 2005) . In contrast, the Fisherian age distribution that describes the relative contribution of : Age-specific variation in the cumulative contribution to the total reproductive value (a) and the stochastic components caused by demographic (b) and environmental stochasticity (c) after correcting for generation time G. For each species, the cumulative proportion of the total reproductive value as well as demographic and environmental stochasticity accumulated at different age classes, scaled by generation time G, is plotted. different age classes to the total reproductive value of the population showed a strict decrease with age ( fig. 1) , reflecting the influence of the stable age distribution. After accounting for the effects of generation time, a larger proportion of the total reproductive value of the population was located at earlier life-history stages in long-lived species than in short-lived species (fig. 5a ). Therefore, demographic variation in early age classes (relative to generation time) has a particularly strong influence on the total reproductive value of populations of slow species.
Stochastic influences on population dynamics depended on life history. Both demographic and environmental variance decreased with generation time ( fig. 3 ) and resulted in decreased total stochasticity in population dynamics toward the slow end of the life-history continuum. For demographic stochasticity, this is in accordance with previous results for birds (Saether et al. 2004 , although in density-dependent bird populations, environmental variance was independent of life history . This difference may be attributable to a larger influence of environmental stochasticity on populations near carrying capacity. Alternatively, environmental variance may have been overestimated in density-regulated populations by Saether et al. (2005) , because stochastic variation in population size due to fluctuations in age structure was only partly taken into account. Accordingly, in several populations in this study, estimates of environmental variance were small ( fig. 3b) . As a consequence, demographic stochasticity was the major stochastic factor affecting population dynamics even at relatively large population sizes. In particular, when annual adult survival approaches 50%, the contribution of random variation in survival to the demographic variance will be particularly large, because the variance in adult survival peaks at mean sur-P(1 Ϫ P) vival (Gaillard and Yoccoz 2003; Morris and Doak P p .5 2004) . Thus, lower random variation in survival among individuals is an important contributor to the reduction of demographic stochasticity in long-lived species, reducing stochastic influences on population dynamics at the slow end of the life-history continuum.
The pattern of variation in the contribution of different age classes to the stochastic effects on population dynamics (table 2; fig. 4b, 4c ) also showed life-history correlates. The larger contributions from demographic stochasticity (fig. The age for 50% of total contribution to the total reproductive value and the stochastic components in relation to generation time G. The age at which 50% (A 50 ) of the total reproductive value of the population (a) and the demographic (b) and environmental (c) variance in the population growth rate is accumulated in relation to the generation time G of mammal (triangles) and bird (circles) species. The dashed line has a slope of 1. fig. 2 ). The impact of younger age classes on demographic variance was particularly strong in long-lived species, so that early life stages (relative to generation time) contributed more to the total reproductive value of the population ( fig. 5a ) as well as to demographic stochasticity ( fig. 5b ) toward the slow end of the life-history continuum. These age-specific patterns were caused by the combined effect of two factors. First, at the stable age distribution, a large proportion of individuals was in the younger age classes and hence made a large contribution to total demographic variance (eq. [8]). Second, production of new recruits showed an age-specific decrease after a peak near age at maturity in all species ( fig. 2) . This suggests that, at older ages in slow species, the variation between individuals in reproductive success ( fig. 3a, 3c, 3d ) was reduced because of senescent effects on vital rates (Rebke et al. 2010) , perhaps through a cost of reproduction at early ages (Kirkwood 1977; Benton and Grant 1999) or because of reduced individual variation in reproduction or survival through increased experience or selective mortality of poor-quality individuals (Nussey et al. 2011) . Jones et al. (2008) showed that the rate of age-specific decline in the number of recruits produced by females decreased with generation time, probably because of relatively larger reproductive investment at young ages in short-lived species (Péron et al. 2010) . However, in spite of this steeper age-specific decrease in reproductive success in short-lived species, after accounting for generation time, the older age classes of fast species still make relatively larger contributions to total reproductive value and demographic variance than older age classes of slow species ( fig. 5a, 5b) . Accordingly, in the relatively long-lived common tern, Ezard et al. (2006) found that the youngest age classes contributed the most to variation in population growth rate. Furthermore, these patterns did not differ between birds and mammals, indicating that the lack of short-lived bird species with high demographic stochasticity (Saether et al. 2004) in the data set (table 1) did not influence the overall relationship between life history and population dynamics.
In contrast, environmental stochasticity affected a larger part of the life cycle simultaneously in the same year ( fig.  5c ). The covariance among demographic traits at different ages may then represent an important component of the stochastic contributions to environmental variance in l (Tuljapurkar 1982a (Tuljapurkar , 1990 Benton et al. 1995; Tuljapurkar et al. 2003; Morris et al. 2006 Morris et al. , 2008 . This environmental covariance spreads the demographic effects of environmental fluctuations across more age classes ( fig. 4c) . As a consequence, the effects of environmentally induced fluctuations in different age classes (scaled to generation time) are independent of life history ( fig. 5c) . Consequently, the effects of stochastic variation in the environment on population growth of species with long generation times are not reduced by negative environmental covariances among different stages of the life cycle (e.g., Doak 2004 and Morris et al. 2008 ). Accordingly, analyses of agedependent influences on demography of environmental covariates in two long-lived seabirds revealed similar effects in the youngest and in the oldest age classes (Oro et al. 2010; Pardo et al. 2013) . Analyses of the dynamics of four of the mammals included in this study (bighorn sheep, Columbian ground squirrel, roe deer, and yellowbellied marmot) also revealed only minor influences of temporal autocorrelation in the environmental noise on fluctuations in the sizes of these populations (Engen et al. 2013) . This indicates that the autocorrelations among life stages in the effects of environmental stochasticity on population growth (figs. 4c, 5c) were little influenced by temporal trends in key environmental covariates.
Elasticity analyses of matrix projection models measure the effects of proportional changes in demographic transitions on the population growth rate (Caswell 2001) . Comparative analyses of responses of populations to perturbations of different vital rates based on variation in elasticities within the life cycle have revealed that elasticity values may differ widely among age or stage classes, dependent on the structure of the life cycle (Caswell 1996; de Kroon et al. 2000) . In mammals, perturbations of reproductive rates around age at maturity have a strong influence on population growth rate (Heppell et al. 2000; Oli and Dobson 2003) . Furthermore, temporal variability and elasticity tend to be negatively related (Pfister 1998; Saether and Bakke 2000; Gaillard and Yoccoz 2003) . Our approach to analysis of the contribution of different age classes to the total reproductive value of the population is similar to elasticity analyses, because the elasticity of fecundity and survival at age are and , respectively. i vu v u
Although these elasticity analyses can also be extended to age-specific influences of environmental stochasticity on the stochastic growth rate (Haridas and Tuljapurkar 2005) , the use of individual reproductive values enables us to separate demographic and environmental stochasticity. Our results reveal that these two stochastic factors have different age-specific effects on the temporal variation in population growth rates (figs. 4, 5) . Whereas the effect of demographic stochasticity tends to arise from age classes with high reproductive values (figs. 1, 2) and hence large elasticities, the influence of environmental stochasticity is more affected by correlated environmental effects spread more evenly across the life cycle (figs. 4c, 5c). Thus, the sensitivity of population growth rate to environmental stochasticity will be less influenced by variability in a few life stages and is less likely to be related to age-specific variation in elasticity than the demographic variance. Our findings substantially improve our ability to identify critical stages of the life cycle that need to be monitored closely to predict future population trends when long time series are not available. Our results suggest that recovery of declining populations of long-lived species should be especially affected by demographic changes at early life-history stages (figs. 4a, 5a). These analyses also show that effects of environmental fluctuations on the population dynamics arise over larger parts of the life cycle than those affecting the long-term changes in mean population size, as revealed by the Fisherian age distribution ( fig. 1 ). This implies that some critical age classes are particularly vulnerable to demographic perturbations, such as those due to human activities. In long-lived species, these perturbations will affect many age classes (figs. 4c, 5c), which is likely to result in delayed responses in the dynamics because of covariation in environmental stochasticity producing fluctuations in age structure. In contrast, short-lived species will show far more immediate responses to environmental perturbations, because changes in population size will be caused by demographic variations across most parts of the life cycle ( fig. 5c ). Finally, age-specific variation in reproductive values is also likely to influence the rate of evolutionary change in age-structured populations (Hamilton 1966; Charlesworth 1972 Charlesworth , 1994 Engen et al. 2009a ). Thus, analyses of fluctuations in the reproductive value of the population may provide a common framework for analyses of demographic responses to environmental changes at both ecological and evolutionary time scales (Engen et al. 2011) .
